Liver resection is still the most commonly used therapeutic treatment for hepatocellular carcinoma (HCC), and liver regeneration promotes HCC growth in the regenerating liver. The high recurrence/metastasis of HCC is the main cause of death for HCC patients after liver resection. However, how the augmented growth and metastasis of residual HCC induced by the promoted liver regeneration following liver resection can be abolished remains unclear. In this study, a rat model with liver cirrhosis and diffused HCC was established by administration of diethylnitrosamine. Recombinant miR-203 adenovirus was administered to induce hepatic miR-203 overexpression and 30% partial hepatectomy (PH) followed. The effect of miR-203 on the proliferation, invasion and metastasis of the residual HCC in the remnant cirrhotic liver with promoted regeneration was investigated. We found that the basic spontaneous regeneration of the non-tumorous liver by 30% PH promoted proliferation, invasion and lung metastasis of the hepatic residual HCC. miR-203 overexpression further promoted the regeneration of the non-tumorous liver by upregulating Ki67 expression and enhancing IL-6/SOCS3/STAT3 pro-proliferative signals. Importantly, miR-203 overexpression markedly inhibited the proliferation, invasion and metastasis of hepatic residual HCC through suppressing expression of Ki67, CAPNS1 and lung metastasis. Moreover, it was found that miR-203 overexpression reversed the epithelial-mesenchymal transition induced by hepatectomy through targeting IL-1b, Snail1 and Twist1. In conclusion, our results suggested that miR-203 overexpression inhibited the augmented proliferation and lung metastasis of the residual HCC induced by the promoted liver regeneration following PH partly by regulating epithelial-mesenchymal transition.
Liver resection is still the most commonly used therapeutic treatment for hepatocellular carcinoma (HCC), and liver regeneration promotes HCC growth in the regenerating liver. The high recurrence/metastasis of HCC is the main cause of death for HCC patients after liver resection. However, how the augmented growth and metastasis of residual HCC induced by the promoted liver regeneration following liver resection can be abolished remains unclear. In this study, a rat model with liver cirrhosis and diffused HCC was established by administration of diethylnitrosamine. Recombinant miR-203 adenovirus was administered to induce hepatic miR-203 overexpression and 30% partial hepatectomy (PH) followed. The effect of miR-203 on the proliferation, invasion and metastasis of the residual HCC in the remnant cirrhotic liver with promoted regeneration was investigated. We found that the basic spontaneous regeneration of the non-tumorous liver by 30% PH promoted proliferation, invasion and lung metastasis of the hepatic residual HCC. miR-203 overexpression further promoted the regeneration of the non-tumorous liver by upregulating Ki67 expression and enhancing IL-6/SOCS3/STAT3 pro-proliferative signals. Importantly, miR-203 overexpression markedly inhibited the proliferation, invasion and metastasis of hepatic residual HCC through suppressing expression of Ki67, CAPNS1 and lung metastasis. Moreover, it was found that miR-203 overexpression reversed the epithelial-mesenchymal transition induced by hepatectomy through targeting IL-1b, Snail1 and Twist1. In conclusion, our results suggested that miR-203 overexpression inhibited the augmented proliferation and lung metastasis of the residual HCC induced by the promoted liver regeneration following PH partly by regulating epithelial-mesenchymal transition.
H epatocellular carcinoma (HCC), a high mortality disease, is the third leading cause of cancer-related death worldwide, ranked only after gastric cancer and esophagus cancer. (1) (2) (3) Liver resection is the most commonly used therapeutic approach for HCC at present. However, the high postoperative recurrence is an important risk factor of poor prognosis, and liver regeneration promotes HCC growth in the regenerating liver. (4) However, liver regeneration is usually initiated after partial hepatectomy (PH), and so the proliferation of the possible residual HCC in the regenerated remnant liver can be accelerated. Unfortunately, how the augmented growth and metastasis of residual HCC induced by the promoted liver regeneration following liver resection can be abolished remains unclear. Therefore, the exploration of new treatments that could inhibit the augmented proliferation and metastasis of HCC induced by liver regeneration after liver resection is urgently needed.
Cumulative evidence indicates that miRNA serve as tumor promoters or suppressors, regulating a wide range of biologic processes, such as proliferation, apoptosis, invasion and metastasis. In particular, it has been demonstrated that miR-203 serves as a potential tumor suppressor in HCC. (5) (6) (7) (8) (9) (10) In investigating the clinical implications and biological relevance of aberrant expression of miR-203 in HCC, higher miR-203 expression was suggested to predict better prognosis. (7, 9) In HCC cell line experiments, miR-203 overexpression inhibited growth and metastasis of HCC, with potential targets including surviving, EZH2, Bmi-1 and ATP binding cassette E1. (5, 6, 8) da Silva et al. (11) report that miR-203 acted as a positive intermediary in A20-enhanced IL-6/STAT3 pro-proliferative signals by downregulating SOCS3, which may promote liver regeneration and repair after PH. Our previous study also confirmed that miR-203 overexpression could directly promote the initiation of cirrhotic liver regeneration by targeting SOCS3 and then enhancing IL-6/STAT3 signaling pathway after 70% PH in CCl 4 induced liver cirrhosis in an animal model. (12) Whether miR-203 can simultaneously inhibit HCC progression while promoting liver regeneration following liver resection for HCC needs to be investigated.
In the present study, we established a rat model with liver cirrhosis and diffused HCC to explore the effect of miR-203 on proliferation, invasion and metastasis of the residual HCC in the remnant non-tumorous cirrhotic liver with promoted regeneration after hepatectomy.
Materials and Methods
Animal model. Male Wistar rats (obtained from Chengdu Dossy Experimental Animals, Jianyang, China), weighing 180À220 g, were housed with a 12-h light-dark cycle and provided a standard laboratory diet and clean water ad libitum before and after surgery. The present study was approved by the Animal Studies Committee of West China Hospital, Sichuan University (Chengdu, China), and all procedures were performed following the Guidelines for the Care and Use of Laboratory Animals of Sichuan University and the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. All operations were performed under ether anesthesia.
Before surgery, 70 rats were allowed to acclimatize for 1 week. The hind limbs of rats were injected subcutaneously (0.3 mL/100 g of body weight, twice a week) with CCl4 (compound of neutral rapeseed oil and CCl 4 at 1:1 ratio) with a rest for 2 weeks after four injections. Diethylnitrosamine (DEN, Sigma, Los Angeles, CA, USA; formulated using DEN and sterile water at a concentration of 95 lg/mL, and refreshed once a day) was freely available from the 15th day post the final injection of CCl4 for 12 weeks. One week after the final administration of DEN, 10 rats were randomly selected and sacrificed with ether anesthesia before checking for liver cirrhosis and HCC. The venous blood was harvested for liver function analysis and alpha-fetoprotein (AFP) detection, and the liver tissues were fixed with 4% paraformaldehyde for HE staining.
Following confirmation of the liver cirrhosis and HCC (Fig. 1a) , 10 days after the final administration of DEN, rats with high activity were selected and randomly divided into four groups: an miR-203 transfection and PH group (n = 12), an miR-negative control (miR-NC) transfection and PH group (n = 12), a PH group (n = 12), and a sham group (n = 16). Rats of miR-203+PH group were injected adenovirus containing miR-203 overexpression (bought from Neuron Biotech Co., Ltd., ). Recombinant miR-203 adenovirus was labeled by GFP. Rats in the miR-NC+PH group were injected with equal volume of negative control adenovirus. The rats in the other two groups were injected with equal volume of saline. Four days after adenovirus transfection, a 30% partial hepatectomy was performed in rats in the miR-203+PH group, the miR-NC+PH group and the PH group. PH was performed as described previously. (13) In brief, hilar vessels of the left lobe of the liver were ligated and the ligated lobe was subsequently excised. Portions of the hepatic parenchyma equal to 30% of the total liver were removed in this manner. Liver tissues of the left lobe were harvested as specimens of postoperative day 0 (POD 0). Eight rats from the sham group were killed and liver tissues of the left lobe were harvested; the rest of the rats from the sham group only underwent abdominal incision and gentle manipulation of the liver (Fig. 1b) .
All rats were killed on the 15th day after partial hepatectomy (POD 15); blood samples of abdominal aorta were harvested, partial tumor tissues from liver and lung were fixed with 4% paraformaldehyde for HE and immunohistochemistry (IHC) staining, the other tumor tissues from liver were harvested for qRT-PCR assay and western blot check, and partial non-tumor cirrhotic tissues were fixed with 4% paraformaldehyde for IHC staining. The time course of the animal model experiment is illustrated in Figure 1c .
Analysis of liver function, alpha-fetoprotein and HE. Liver function was tested using a Fully Automatic Biochemical Analyzer (BS-120; Mindray, Shenzhen, China). The AFP of peripheral blood was tested by ELISA (SEA153Ra 96T assay kit; Cloud-Clone, Shanghai, China). Pathological examination for hepatic cirrhosis and HCC was performed by staining with HE. Pathological grades of HCC were evaluated by Edmondson-Steiner stage. (14) Detection of hepatic adenovirus transfection. Hepatic miR-203 expression on the POD 0 and POD 15 was analyzed with qRT-PCR. Liver tissue of POD 0 were embedded in frozen blocks and cut into 4-lm sections. DAPI (Sigma), at the concentration of 1 g/mL, was included for the identification of nuclei, and GFP was examined with a fluorescence microscope (ECLIPSE 80i; Nikon, Sendai, Japan).
Quantitative RT-PCR analysis for miR-203 and mRNA expression. Total RNA was isolated from the liver tissues using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions, and the first strand cDNA was synthesized using a miRNA 1st-Strand cDNA Synthesis Kit (Shanghai Newgene Biosciences, Shanghai, China) according to the manufacturer's instructions. Quantitative real-time PCR analyses for mRNA of miR-203 and b-actin were conducted with Power SYBR Master Mix (Invitrogen). miRNA levels were quantified using ViiA7 (Applied Biosystems, Foster City, CA, USA) and the 2 ÀDDct relative quantification method. All primers used are listed in Table 1 . Western blot for detection of protein expression. Protein expression levels were assessed by western blot. In brief, tissues (20-50 mg) were lysed in lysis buffer containing 1 PBS, 1% NP-40, 01% SDS, 5 mmol/L EDTA, 0.5% sodium deoxycholate and 1 mmol/L of sodium orthovanadate and protease inhibitors. The target protein was then probed using antibodies (1:1000, Santa Cruz, CA, USA), and rabbit anti-tubulin-alpha (1:500, Santa Cruz) antibody was used to detect tubulin-alpha, which served as an internal control.
Detection of lung metastasis. Lung metastatic tumors were confirmed by HE examination, and the incidence of lung metastasis was calculated in each group of rats.
ELISA for detection of hepatic IL-6 level. Supernatant samples from the liver tissues were analyzed for IL-6 using ELISA according to the manufacturer's instructions.
Detection of IL-1b, IL-6 and TNF-a of rat serum. Serum levels of IL-1b, IL-6 and TNF-a were tested by Magpix (RECYT-MAG-65K, Millipore, Billerica, MA, USA). In brief, all reagents were allowed to warm to room temperature (20-25°C) before use in the assay. After adding all reagents and samples into each well of the plate, run plate on MAGPIX with xPONENT software was initiated to work. The median fluorescent intensity data were saved and analyzed using a 5-parameter logistic or spline curve-fitting method for calculating analyte concentrations in samples.
Statistical analysis. The differences in numeric variables between groups were analyzed using one-way analysis of variance. v 2 or Fisher's exact tests were performed to determine the ratio of Edmondson-Steiner stage and the ratio of lung metastasis. Statistical analyses and graphing were conducted using SPSS 20.0 (IBM, Chicago, IL, USA), and GraphPad Prism 5 software (GraphPad Company, La Jolla, CA, USA). P < 0.05 was considered a significant difference.
Results
Confirmation of rat model with cirrhosis and diffused hepatocellular carcinoma. Hepatic HE staining showed characteristics 
of cirrhosis, including disordered structure of the hepatic lobules, and formation of fibrous septum and pseudo-lobuli. Hepatic HE staining also showed characteristics of HCC, including formation of tumor nodules, tumor cells arranged in a funicular or crumb, and pathological nuclear fission (Fig. 1a) . Hepatic miR-203 overexpression was induced by miR-203 adenovirus transfection. Expression of GFP of liver tissues was detected by fluorescence microscope at POD 0. GFP in the miR-203+PH group rats was significantly higher than that of the other three groups (Fig. 2a) . qPCR was performed to detect the relative hepatic levels of miR-203 at POD 0 and POD 15.
Hepatic miR-203 expression in the miR-203+PH group rats was significantly higher than that of the other three groups, and this effect lasted to POD 15 (Fig. 2b) .
miR-203 overexpression promoted regeneration of the nontumorous remnant cirrhotic liver. PCNA, Ki67 and cyclin D1 (biomarkers of proliferation) expression were detected with IHC in the non-tumorous remnant cirrhotic liver. Ki67 expression in the cirrhotic non-tumor tissues was significantly higher in the PH group compared to the sham group. Ki67 expression in cirrhotic non-tumor tissues was significantly higher in the miR-203+PH group compared to the other three groups. Expressions of PCNA and cyclin D1 were not significantly different in the four groups (Fig. 3a,b ). Hepatic IL-6 level in cirrhotic tissues was significantly higher in the PH group than in the sham group, and reached the highest level in the miR-203+PH group (Fig. 3c) . Expression of SCOS3 in cirrhotic tissues was significantly lower in the miR-203+PH group than in the other three groups, and expression of P-STAT3 in cirrhotic tissues was significantly higher in the miR-203+PH group than in the other three groups. Expressions of SCOS3 and P-STAT3 were not significantly different between the PH and sham groups (Fig. 3d,e) . Original Article www.wileyonlinelibrary.com/journal/cas Zheng et al. in hepatic residual HCC was significantly higher in the PH group compared to the sham group. Ki67 expression in HCC tissues was significantly lower in the miR-203+PH group compared to the other three groups. Moreover, further analysis of the miR-203+PH group revealed that Ki67 expression was significantly higher in cirrhotic non-tumor tissues compared to HCC tissues. Expressions of PCNA and cyclin D1 were not significantly different in the four groups (Fig. 3a,b) .
miR-203 overexpression inhibited residual hepatocellular carcinoma invasion and lung metastasis after partial hepatectomy. CAPNS1 (a biomarker of HCC invasiveness) expression was detected with IHC. CAPNS1 expression level was significantly higher in the PH group rats compared to the sham group, and significantly lower in the miR-203+PH group compared to the miR-NC+PH group (Fig. 4a,b) . Tumor stage was judged according to Edmondson-Steiner stage. The ratios of stage I + II and stage III + IV were calculated to detect pathological progression. The ratio of the Edmondson-Steiner stage III + IV in the PH group rat was significantly higher than that of the sham group, and there was no significant difference between the miR-203+PH group and the miR-NC+PH group (Fig. 4c,d ). Multiple tumor nodules in the lung were observed by naked eye in rats with lung metastasis. Different sized lung tumor cells accompanied by irregular hyperchromatic nuclei located in the central and abundant cytoplasm were detected by HE. The ratio of lung metastasis was significantly higher in the PH group rats compared to the sham group, whereas the ratio of lung metastasis was significantly lower in the miR-203+PH group rat compared to the miR-NC+PH group and the sham group (Fig. 4e,f) . miR-203 overexpression inhibited epithelial-mesenchymal transition of the residual hepatocellular carcinoma after partial hepatectomy. The expression of E-cadherin, vimentin and Ncadherin were examined by qPCR and western blot. E-cadherin is significantly lower in the PH group rats compared to the sham group and significantly higher in the miR-203+PH group rats compared to the miR-NC+PH group rats. Expressions of vimentin and N-cadherin were significantly higher in the PH group compared to the sham group and significantly lower in the miR-203+PH group compared to the miR-NC+PH group (Fig. 5a,b) .
miR-203 downregulated IL-1b, Snail1 and Twist1 to inhibit epithelial-mesenchymal transition. Serum levels of IL-1b, IL-6 and TNF-a were measured by Magpix. IL-1b and IL-6 were significantly higher in the PH group than the sham group, whereas IL-1b was significantly lower in the miR-203+PH group than the miR-NC+PH group. TNF-a was not significantly different among the four groups (Fig. 6a) . The expressions of Snail1, Twist1, ZEB1 and ZEB2 were examined by qPCR and western blot. Snail1 levels were significantly higher in the PH group rat than the sham group, whereas levels of Snail1 and Twist1 were significantly lower in the miR-203+PH group than in the miR-NC+PH group. Levels of ZEB1 and ZEB2 were not significantly different among the four groups (Fig. 6b,c) .
Discussion
In this study, rat livers were subject to a sequential process of toxic injury, cirrhosis and tumorigenesis. This pathological process is similar to the carcinogenesis of human liver cancer induced by hepatitis B virus infection. Growth and metastasis of residual HCC following whole left lobe resection in this experiment were similar to the clinical progression of HCC following radical liver resection. Given the high similarity of this rat model with the clinical progression of HCC patients, our study aims to investigate the effect of miR-203 on the proliferation and metastasis of residual HCC following liver resection. We found that the basic spontaneous regeneration of the non-tumorous liver by 30% PH promoted proliferation, invasion and lung metastasis of the hepatic residual HCC. miR-203 overexpression further promoted the regeneration of the nontumorous liver by upregulating Ki67 expression and enhancing IL-6/SOCS3/STAT3 pro-proliferative signals. Importantly, miR-203 overexpression markedly inhibited the proliferation, invasion and metastasis of hepatic residual HCC through suppressing the expression of Ki67 and CAPNS1 and lung metastasis. Moreover, it was also found that miR-203 overexpression reversed the epithelial-mesenchymal transition (EMT) induced by hepatectomy through targeting IL-1b, Snail1 and Twist1. Our results suggested that miR-203 overexpression inhibited the augmented proliferation and lung metastasis of the residual HCC induced by the promoted liver regeneration after PH partly by regulating EMT. miR-203 could acts both an inhibitor of the augmented proliferation and metastasis of residual HCC as well as a promoter of liver regeneration after liver resection.
Liver regeneration after hepatectomy has been reported to be involved in recurrence and metastasis of HCC. (4) In this study, expressions of Ki67 and IL-6 in non-tumor cirrhotic tissues were higher in the PH group compared to the sham group; this indicated that elevated cytokines induced by hepatectomy initiated liver regeneration. Moreover, we found that hepatectomy promoted the progression of Edmondson-Steiner stage and lung metastasis, and elevated the expression of CAPNS1. These results indicated that the basic spontaneous regeneration of the non-tumorous liver by 30% PH promoted proliferation, invasion and lung metastasis of the hepatic residual HCC. It is reported that adenovirus could induce immune response to the liver, (15) resulting in damage to the liver; our results showed little discrepancy between miR-NC+PH and PH groups. However, the damage from adenovirus is mild, so the discrepancies between the two groups were not significant.
The IL-6/STAT3/SOCS3 pathway is a promising target for pro-regenerative strategies. IL-6 levels drive hepatocyte entry into cell cycle by enhancing IL-6/STAT3 pro-proliferative signals and downregulating SOCS3 expression. (16) (17) (18) (19) da Silva et al. (11) report that zinc finger protein A20 promoted liver regeneration by downregulating SOCS3 expression, likely in a miR-203-dependent manner; their results suggested that miR-203 regulated A20/IL-6/STAT3 pro-proliferative signals in hepatocytes. In this study, the expression of Ki67 in non-tumor Fig 3. miR-203 overexpression with two-sided effect in hepatic residual hepatocellular carcinoma (HCC) and cirrhosis tissues. (a) Immunohistochemistry (IHC) was performed to detect PCNA, Ki67 and cyclin D1 expression in HCC and cirrhotic tissues. Images from representative cases are shown (IHC, 9200). (b) IHC scores were calculated to detect the level of PCNA, Ki67 and cyclin D1 expression (*P < 0.05; **P < 0.01). (c) Hepatic IL-6 expression was measured by ELISA (*P < 0.05). (d) IHC was performed to detect SCOS3 and P-STAT3 expression in cirrhotic tissues; images from representative cases are shown (SCOS3, 9400; P-STAT3, 9100). (e) IHC scores were calculated to detect the level of SCOS3 and P-STAT3 expression (*P < 0.05).
cirrhotic tissues is significantly higher in the miR-203+PH group than in the other groups, which indicated that miR-203 accelerated liver regeneration induced by hepatectomy. We further investigated the molecular mechanism by which miR-203 promotes proliferation activity in non-tumor cirrhotic tissues. Here, we showed that the levels of IL-6 and protein expression of STAT3 were upregulated and expression of SOCS3 was downregulated after miR-203 overexpression. Consistent with the results of da Silva et al., (11) our results also suggest that miR-203 overexpression promotes non-tumor cirrhotic tissues regeneration by regulating IL-6/SOCS3/ STAT3 pro-proliferative signals.
To explore the effect of miR-203 on invasion and metastasis of the hepatic residual HCC after hepatectomy, we investigated the expression of Ki67 and CAPNS1, Edmondson-Steiner stage, and the incidence of lung metastasis. In this study, although the ratio of the Edmondson-Steiner stage III + IV in the rats in the miR-203+PH group was not significantly lower than those in the miR-NC+PH Group, the hepatic expressions of Ki67 and CAPNS1 were significantly inhibited by miR-203 overexpression. We also found that miR-203 overexpression significantly suppressed the ratio of lung metastasis. Our results suggested miR-203 overexpression inhibited proliferation, invasion and metastasis of residual HCC.
The significant inhibitory effect of miR-203 on residual HCC metastasis prompted us to investigate whether or not miR-203 plays a suppressive role in EMT. EMT has been confirmed to be involved in invasion, metastasis and chemoresistance of tumors. (20) (21) (22) (23) (24) miR-203 regulates EMT by directly targeting transcriptional factors, such as Snail1, Snail2, ZEB1, ZEB2 and Twist1. Jiang et al. demonstrate a direct negative feedback loop between miR-203 and ZEB2 participating in tumor stemness and chemotherapy resistance of nasopharyngeal carcinoma. (25) Zhang et al. report that miR-203 was epigenetically silenced, and the silencing promoted tumor cell growth and invasion at least in part by upregulating the Snai2 transcription factor in malignant breast cancer cells. (27) In this study, hepatectomy downregulated expression of E-cadherin and upregulated expression of vimentin and N-cadherin, whereas miR-203 overexpression upregulated E-cadherin expression and downregulated expressions of vimentin and Ncadherin. Moreover, production of IL-1b and IL-6, as well as Snail1 expression, were upregulated by hepatectomy, whereas miR-203 overexpression decreased IL-1b, Snail1 and Twist1 expression. Secreted cytokines have been shown to promote invasive phenotypes. (28, 29) Our results suggested that inflammation response after hepatectomy might contribute to initiation of EMT, whereas miR-203 overexpression could reverse EMT by downregulating expression of IL-1b, Snail1 and Twist1. Of note, although our results showed that miR-203 inhibited the expression of IL-1b, Snail1 and Twist1, the inhibitory effect of miR-203 was modest. Our future research will explore whether there are additional mechanisms underlying the inhibitory effect of miR-203 on the HCC invasion and metastasis.
In conclusion, our results suggested that miR-203 overexpression could inhibit the augmented proliferation and lung metastasis of the residual HCC induced by the promoted liver regeneration after PH partly by regulating EMT. To our knowledge, this is the first report on the two-sided effect of miR-203. The results demonstrate the feasibility and potential value of its application in clinical cirrhotic HCC patients.
